SUMMARY N-methyl-D-aspartate receptors (NMDARs) play essential roles in memory formation, neuronal plasticity, and brain development, with their dysfunction linked to a range of disorders from ischemia to schizophrenia. Zinc and pH are physiological allosteric modulators of NMDARs, with GluN2A-containing receptors inhibited by nanomolar concentrations of divalent zinc and by excursions to low pH. Despite the widespread importance of zinc and proton modulation of NMDARs, the molecular mechanism by which these ions modulate receptor activity has proven elusive. Here, we use cryoelectron microscopy to elucidate the structure of the GluN1/GluN2A NMDAR in a large ensemble of conformations under a range of physiologically relevant zinc and proton concentrations. We show how zinc binding to the amino terminal domain elicits structural changes that are transduced though the ligand-binding domain and result in constriction of the ion channel gate.
In Brief
Cryo-EM structures of the full-length GluN1/GluN2A diheteromeric receptor across a range of physiologically relevant zinc and proton concentrations illustrates how zinc binding elicits structural changes that result in constriction of the ion channel gate. 6MMP  6MM9  6MMN  6MMA  6MMG  6MMB  6MMR  6MMS  6MML  6MMW  6MMK  6MMU  6MMM  6MMT  6MMH  6MMX  6MMI 6MMV 6MMJ
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INTRODUCTION
Ionotropic glutamate receptors (iGluRs) mediate fast excitatory neurotransmission in the CNS and consist of N-methyl-D-aspartate (NMDA), kainate, and AMPA receptors (Traynelis et al., 2010) . NMDARs are coincidence detectors whose activation requires the binding of glutamate and glycine and the release of voltage-dependent magnesium block (Nowak et al., 1984) . Activation coupled to multiple stimuli, combined with high calcium permeability, underpins the crucial roles of NMDARs in memory formation, the development of long-term potentiation, and neuronal plasticity (Bashir et al., 1991; Paoletti et al., 2013) . NMDARs are obligate heterotetramers typically consisting of two glycine-binding GluN1 and two glutamate-binding GluN2A-D subunits (Traynelis et al., 2010) , which are in turn composed of three major domains: the amino-terminal domain (ATD); the ligand or agonist-binding domain (LBD); and the transmembrane domain (TMD) (Karakas and Furukawa, 2014; Lee et al., 2014) . The ATDs and the LBDs have clamshell-like structures and together comprise the extracellular domain (ECD), located in the synapse. Extensive interactions between the ATDs and LBDs allow the ATD to allosterically modulate the function of the receptor (Gielen et al., 2009; Paoletti, 2011) .
Zinc, protons, polyamines, and ifenprodil are important allosteric modulators of NMDARs. Within a subset of glutamatergic neurons, most notably within the hippocampus, vesicles containing zinc and glutamate are co-released in an activity-dependent manner Noebels, 2005, 2006) . Zinc inhibition of all NMDARs has a voltage-dependent component , similar to the magnesium block at the receptor pore, yet GluN2A-containing NMDARs are inhibited by nanomolar concentrations of zinc in a voltage-independent manner, with a 200-fold greater sensitivity to zinc in comparison to GluN1/ GluN2B receptors (Paoletti et al., 1997; Traynelis et al., 1998) . Recent studies have uncovered specific evidence for the GluN2A zinc inhibition in thermosensation, nociception, and in the development and function of the brain (Nozaki et al., 2011; Paoletti et al., 2009; Sensi et al., 2009; Serraz et al., 2016) .
Protons also profoundly modulate NMDAR activity. The open probability (P O ) of the receptor is reduced with increasing proton concentration, with a pH half maximal inhibitory concentration (IC 50 ) value close to physiological pH (Traynelis and Cull-Candy, 1990 ). Proton inhibition is strongly coupled to zinc inhibition. Mutations that increase the sensitivity of the NMDARs to zinc also increase NMDARs' sensitivity to protons Gielen et al., 2008) , and the presence of zinc renders the receptor more susceptible to proton inhibition (Choi and Lipton, 1999; Traynelis, 2005, 2008; Gielen et al., 2008; Low et al., 2000; Zheng et al., 2001) .
The high-affinity zinc site on the GluN2A subunit was first mapped to the ATD (Choi and Lipton, 1999; Fayyazuddin et al., 2000; Low et al., 2000; Paoletti et al., 2000) with subsequent structural studies pinpointing the site to the GluN2A clamshell cleft (Karakas et al., 2009; Romero-Hernandez et al., 2016) . By contrast, elements of the receptor implicated in proton modulation are distributed throughout the receptor, with both the LBD-TMD linkers and the ATD playing a role in pH-dependent gating (Gielen et al., 2009; Yuan et al., 2015) .
Despite advances in structural and mechanistic studies of NMDARs, the molecular mechanisms to describe zinc and proton inhibition are unresolved. On the one hand, Gielen et al. (2008) showed that enhancing the LBD heterodimer stability reduced the extent of proton and zinc inhibition, whereas disrupting this interface led to more potent inhibition, establishing an important role for the D1-D1 interface in mediating zinc inhibition. Exon-5 in the GluN1 subunit attenuates zinc and proton sensitivity of NMDARs by stabilizing the D1-D1 interface, bolstering the notion that the LBD dimer plays an important role in zinc inhibition (Regan et al., 2018) . On the other hand, spectroscopic studies point toward similar zinc-and ifenprodilinduced movement at the ATD layer (Sirrieh et al., 2013 (Sirrieh et al., , 2015 , and the structures of the NMDA receptor bound to ifenprodil or other phenylethanolamines revealed an intact D1-D1 LBD interface (Tajima et al., 2016; Zhu et al., 2016) . Consistent with zinc and ifenprodil inhibiting NMDARs through similar structural mechanisms, ifenprodil enhances zinc and proton sensitivity (Amico-Ruvio et al., 2012; Mott et al., 1998; Pahk and Williams, 1997) and zinc enhances ifenprodil sensitivity and the extent of inhibition (Hansen et al., 2014) . Indeed, single-molecule studies support an ensemble of electrophysiologically silent states, where the NMDA receptor populates pre-open or low P O states in the presence of zinc (Amico-Ruvio et al., 2011; Christine and Choi, 1990; Dolino et al., 2017; Erreger and Traynelis, 2008) .
Here, we solve the first full-length structure of the GluN1/ GluN2A diheteromeric receptor and elucidate the structural underpinnings of proton-dependent zinc inhibition for the GluN2A-containing NMDARs via single-particle cryoelectron microscopy (cryo-EM). We demonstrate closure of the ATD clamshells due to zinc binding and the transduction of this conformational change through the LBD and finally to the pore. The seven distinct structural conformations observed during the course of this study, some with an intact D1-D1 interface and others with a disrupted D1-D1 interface, illustrate how zinc and proton inhibition leads to a lessening of the tension in the linkers connecting the LBDs to the channel pore, leading to constriction of the ion channel gate.
RESULTS AND DISCUSSION
Function of the GluN1/GluN2A Receptor in Membranes and Micelles The GluN1/GluN2A diheteromeric receptor (diNMDAR) construct employed here (see STAR Methods) is sensitive to zinc inhibition, similar to the full-length receptor (Figures 1A, S1A, and S1B; Low et al., 2000; Paoletti et al., 1997) . To interrogate zinc modulation of receptor activity in detergent micelles, we measured the [ 3 H] MK-801 off rate (Blanke and VanDongen, 2008; Kornhuber et al., 1989; Song et al., 2018) as a function of zinc concentration ( Figure 1B ). In the presence of saturating zinc, the off rate of MK-801 is slowed $2-fold at pH 7.4 compared to the off rate in the presence of the zinc chelator, tricine (Paoletti et al., 1997) . Using a single-site binding model, the off-rate of MK-801 as a function of free-zinc concentration has an IC 50 of $20 nM ( Figure 1C ), similar to the IC 50 of zinc inhibition measured by electrophysiology, thus showing that the GluN1/GluN2A construct, in detergent micelles, retains zinc modulation of receptor activity.
Architecture of the GluN1/GluN2A Receptor in the Absence of Zinc We then elucidated the GluN1/GluN2A receptor structure in the presence of agonists and 1 mM EDTA using single-particle cryo-EM ( Figures 1D and S2A-S2C ) and modeled the ATD, LBD, and TMDs into the density by rigid-body fitting ( Figure 1E ). The receptor architecture resembles a bouquet (Karakas and Furukawa, 2014; Lee et al., 2014; Lü et al., 2017) . Similar to the GluN1/GluN2B receptor (Zhu et al., 2016) , the ion channel gate is closed and we speculate that the receptor is a desensitized or pre-open conformation. Within the ATD layer, the R2 lobes of opposing GluN2A subunits meet at the pseudo-C2-symmetry axis, with the N terminus of the a5 helix interacting with the a6 helix of the opposing subunit ( Figures 1F and S3 ). Viewed from ''above,'' the R2 lobes of GluN2A subunits resemble two hands performing a ''fist bump,'' with the a5 and a6 helices representing the ''knuckles.'' In this ''2-knuckle-symmetric'' conformation, the distance between the centers of mass (COMs) of the R1 and R2 lobes is indistinguishable between the two subunits, measured at $33.6 Å ( Figure 1F ). Despite overall pseudo-C2-symmetry, there are deviations in conformation between the two GluN2A subunits that include a 13 difference in the angles between the ATDs and LBDs ( Figure 1E ; see also STAR Methods), the lengths of the GluN2A LBD-TMD linkers, and the dimer-dimer distances within the LBD layer. Here, we employ the ATD-LBD angle to assign chain B (the larger angle) and chain D (the smaller angle) for all of the structures in this study.
An Ensemble of Conformations at Nanomolar Zinc Concentration
To elucidate the structural basis for voltage-independent zinc inhibition, we dialyzed the receptor against a buffer containing glutamate, glycine, and 1 mM ZnCl 2 prior to EM grid preparation. After 3D classification and refinement, we obtained three separable receptor conformations ( Figure S4 ), structural classes that provide an estimate of the population of conformational states occupied by the receptor in the presence of 1 mM zinc (Figure 2 ; see also STAR Methods).
The ''2-knuckle-asym'' structure ( Figures 1G and 1H , left) most closely resembles the ''EDTA'' conformation ( Figure 1D ), as highlighted by ''2-knuckle'' interactions between the R2 lobe a5 and a6 helices. There are important differences, however, because in the presence of zinc, the GluN2A ATD ''clamshell'' of chain B undergoes domain closure by 10.3 , along with a 3 increase in the ATD-LBD angle. By contrast, the conformational changes in the second GluN2A subunit (chain D) are much smaller and the ATD clamshell adopts a more open conformation, showing that, at 1 mM zinc, only one GluN2A ATD undergoes zinc-induced domain closure.
In the second class (Figures 1G and 1H, middle) , deemed the ''1-knuckle'' conformation, only the opposing a6 helices on GluN2A R2 lobes participate in subunit-subunit interactions. The reduction in ATD-ATD contacts is due to closure of both ATD clamshells and movement of GluN2A R2 lobes COM distances by 5.8 Å . For chain B, the subunit with the larger ATD-LBD angle, the R1 lobe moves by 11.9 to close the ATD clamshell and brings the R1 and R2 lobes closer together by 1.9 Å as compared to the 2-knuckle-sym conformation. Similarly, for chain D, the R1 lobe moves by 15.4 and brings the R1 and R2 COMs closer by 1.8 Å .
In the third class, called the ''extended'' conformation, one of the ATD heterodimers (chains C and D) moves away from the pseudo-symmetry axis, ablating ATD-ATD interactions between the a5 or a6 helices (Figures 1G and 1H, right) . Both GluN2A ATD clamshells are closed with the R1-R2 COM distance being reduced by $1.6 Å for each chain with respect to the 2-knuckle-sym conformation. The extended ATD heterodimer (chains C and D) shows more diffuse density as compared to the rest of the ECD, suggestive of conformational heterogeneity.
Conformations of the GluN1/GluN2A/GluN2A* Triheteromeric Receptor To investigate whether the closed and open ATD clamshells in the 2-knuckle-asym conformation are the consequence of zinc-bound and zinc-unbound states, respectively, and to probe the extent to which conformational changes are propagated throughout the receptor, we carried out cryo-EM studies on a ''triheteromeric'' GluN1/GluN2A/GluN2A* receptor where the GluN2A* subunit harbors a His 128 to Ser mutation in GluN2A ( Figure S3 ). This substitution, at the high-affinity GluN2A ATD zinc site, decreases zinc potency by $500-fold and reduces the extent of zinc inhibition Hansen et al., 2014; Hatton and Paoletti, 2005; Paoletti et al., 2000) . We selectively isolated the triheteromeric receptor by 2-step affinity chromatography and distinguished the GluN2A and GluN2A* subunits in cryo-EM density maps by knocking out a prominent glycosylation site (N687) in the LBD layer of the GluN2A* subunit ( Figure S3 ). We first solved the structure of the GluN1/GluN2A/GluN2A* triheteromeric receptor (triNMDAR) in the presence of agonists and 1 mM EDTA. This structure ( Figures 3A and S2D-S2F ) is similar to the 2-knuckle-sym conformation of the GluN1/GluN2A diNMDAR. For the triNMDAR in the absence of zinc, we do not observe a signal consistent with glycosylation at either subunit, whereas for the diNMDAR, the glycosylation density is substantial for both subunits ( Figures 3B and 3C ). The lack of glycosylation density in the triNMDAR reconstruction is due to the averaging of the density for the GluN2A and GluN2A* subunits because both subunits adopt similar conformations in the absence of zinc.
In the presence of 1 mM zinc, however, the triNMDAR occupies four previously observed conformations ( Figures 3D and S5) . Interestingly, compared to the diNMDAR, the triNMDAR particles occupied a larger fraction in the 2-knuckle classes than 
Figure 2. Population Distribution of the Receptor among Various Conformations
Proportion of 2D-cleaned up particles distributed into each conformational class depending on the construct used, as well as zinc and proton concentrations. N1/N2A refers to the diheteromeric GluN1/GluN2A receptor. The N1/N2A/N2A* refers to the triheteromeric GluN1/GluN2A/GluN2A* receptor. See also Tables S1, S2, and S3. Figure 3 . Cryo-EM Structures of the GluN1/GluN2A/GluN2A* triNMDAR (A) Side views of the GluN1/GluN2A/GluN2A* triNMDAR cryo-EM map in the presence of 1 mM glutamate and glycine at pH 7.4 with 1 mM EDTA. The distances between COM of the upper lobes (R1) of GluN1 ATD, as well as the ATD-LBD angle for the two GluN2A subunits, are shown. See also Figure S2 .
(B and C) Atomic model and the associated cryo-EM density for the GluN2 subunit of the triNMDAR (B) and the diNMDAR (C) in the vicinity of residue 687 in the LBD D2 lobe. There is density consistent with glycosylation of N687 in the diNMDAR; however, this density is not present in either subunit for the triNMDAR. Because distinguishing between GluN2A and GluN2A* subunits is not possible based on glycosylation at residue 687, residue 687 in the map is represented as an alanine.
(D) Side view of the full receptor (top) and top view of the ATD (bottom) of the GluN1/GluN2A/GluN2A* triNMDAR cryo-EM map in the presence of 1 mM glutamate and glycine and 1 mM zinc at pH 7.4. See also Figures S1 and S5.
(E) Atomic model and the associated map for the GluN2A subunit (chain B, top) and the GluN2A* subunit (chain D, bottom) in the vicinity of residue 687 for the triNMDAR 2-knuckle-asym conformation in the presence of 1 mM zinc. At the same contour level, there is density consistent with glycosylation at only one GluN2 subunit, allowing for the identification of the wild-type (WT) GluN2A and the H128S and N687Q mutant GluN2A* subunits.
(F) The crystal structure of the GluN2A ATD bound by zinc (PDB: 5TPW) fitted into the cryo-EM map of the two GluN2 subunits of the triNMDAR 2-knuckle-asym conformation with the R1 lobes aligned. There is density consistent with four amino acid sidechains (H44, H128, E266, and D282) coordinating zinc for the WT subunit. At the same contour level, there is no density in the vicinity of the zinc-binding pocket for the GluN2A* subunit with the H128S mutation.
the 1-knuckle conformation ( Figure 2 ). The 2-knuckle-asym class incorporates the most particles and presents a clear distinction between the GluN2A (chain B) and GluN2A* (chain D) subunits based on the glycosylation ''marker'' at N687 (Figure 3E ). Here, chain B adopts a closed ATD clamshell conformation with a larger ATD-LBD angle, and chain D adopts an open clamshell conformation. We next rigid-body fit the X-ray structure of the GluN2A ATD-zinc complex (Romero-Hernandez et al., 2016) into R1 lobe densities for the GluN2A and GluN2A* subunits. In GluN2A subunit chain B, there is density associated with the zinc-binding pocket ( Figure 3F , top), which has a tetrahedral shape and is consistent with zinc coordinated by sidechains of H44, H128, E266, and D282. By contrast, there is no density around the zinc site when the X-ray-derived ATD model is fit into the density for chain D, consistent with the GluN2A* subunit lacking a high-affinity zinc site ( Figure 3F , bottom). We emphasize that this triNMDAR 2-knuckle-asym cryo-EM map and resulting structure, which represents the highest resolution map obtained in this study (Figures S1C-S1L), confirms that the 2-knuckle-asym class represents dimorphic GluN2A ATDs, with one in the open, apo zinc state and the other in the closed, zinc-bound conformation.
The triNMDAR 1-knuckle and extended conformations have the ATD clamshells in the closed conformation, even though one subunit lacks the high-affinity zinc-binding site. It is unlikely that the closed ATD clamshells in the 1-knuckle and extended conformations represent a GluN2A diheteromeric ''contaminant'' in the triNMDAR sample, as the density for glycosylation at N687 is absent in chain D of the 1-knuckle structure and in both chains of the extended structure. Most importantly, the closed ATD clamshells of both subunits in these structures is consistent with the notion that the conformational changes from zinc binding to one subunit can propagate throughout the receptor and induce conformational changes in other subunits, even if, for example, the other subunit lacks a high-affinity zinc-binding site.
Conformational Changes due to Proton and Millimolar Zinc Concentration
Electrophysiology experiments show that the extent of zinc inhibition is $98% at pH 6.2 ( Figure S1B ). To understand how protons enhance the extent of zinc inhibition, we prepared the GluN1/GluN2A receptor in a 2-(N-morpholino)ethanesulfonic acid (MES) buffer at pH 6.1 in the presence of agonists and 1 mM zinc. Analysis of 2D class averages shows a number of 2D classes with the ATD dimers farther apart than observed previously ( Figure 4A ). After 3D classification ( Figures S6A and S6B ), we obtained a structural class where the two dimers have lost the ATD-LBD domain swap and show a ''super splayed-open'' conformation (Figures 4B, right, S6I, and S6J) . The splayed conformation also shows a disruption of the D1-D1 interface within the LBD dimers. In addition to the super-splayed class, we also obtained the 1-knuckle and the extended conformations .
In contrast to the receptor at pH 7.4 in the presence of 1 mM zinc, at pH 6.1 and with 1 mM zinc we do not observe any classes in the 2-knuckle-asym conformation ( Figure 2 ). This ''shift'' of the structural populations away from the 2-knuckle-asym conformation is consistent with electrophysiological studies showing protons sensitize the receptor to zinc inhibition, as well as zinc and proton inhibitions being strongly coupled to each other (Erreger and Traynelis, 2005; Low et al., 2000; Zheng et al., 2001) . Although there is evidence that the proton sensors on the receptor are distributed through various domains, Yuan et al. (2015) have proposed Glu106 in the R1 lobe and Glu235 in the R2 lobe as the proton sensors in the ATD of the GluN2B, forming carboxylic acid ''dimers'' at low pH values when one or both sidechains are protonated, leading to the stabilization of the closed ATD clamshell conformation. The corresponding residues in the GluN2A subunit are Glu107 and Asp234. These residues are positioned such that their a-carbon atoms move closer by $3 Å in the closed clamshell conformation, allowing for the formation of the carboxylic acid ''dimer.'' Given the limited resolution of the present studies, we are not able to conclusively visualize this interaction. Nevertheless, we speculate that, at high pH, GluN2A Glu107 and Asp234 are deprotonated and repel one another, stabilizing the clamshells in open cleft conformations. As proposed by Yuan et al. (2015) , at lower pH values, protons bind to one or both carboxylates, allowing for formation of favorable carboxylic acid dimers and stabilizing the clamshell in a closed cleft conformation. Because zinc and protons stabilize the GluN2A ATD clamshells in closed cleft conformations yet by way of different mechanisms, we can understand how zinc and protons act synergistically. As a counterpoint to decreasing the pH to obtain maximal zinc inhibition, we examined the structure of the receptor at high pH in the presence or absence of zinc to assess conformational changes leading to minimal zinc inhibition. We acquired datasets of the GluN1/GluN2A receptor at pH 8.0 in 0.1 mM EDTA or at pH 8.0 and 1 mM zinc ( Figures S2J-S2O ). Both datasets yielded only the 2-knuckle-sym conformation after 3D classification (Figure 2) .
We next examined the conformations of the receptor in the presence of 1 mM zinc at pH 7.4. The voltage-independent component of zinc inhibition plateaus at $1 mM zinc, and further increasing the zinc concentration does not lead to more voltageindependent inhibition (Paoletti et al., 1997) . There exist, however, additional zinc-binding sites on GluN1 and GluN2B ATDs (Karakas et al., 2009; Romero-Hernandez et al., 2016) , and we were interested to learn whether there are distinct structural classes associated with high zinc concentrations. Indeed, there are glutamatergic neurons with millimolar zinc concentrations inside presynaptic vesicles (Sensi et al., 2009) , and upon release, synaptic zinc concentrations can rise above 100 mM (Vergnano et al., 2014) .
We acquired a dataset with the GluN1/GluN2A receptor at pH 7.4 in the presence of agonists and 1 mM zinc. Inspection of micrographs and 2D class averages show that many receptor particles have splayed-open conformations, with their ATD dimers far away from each other ( Figure 4C ). After 3D classification, three distinct classes emerged ( Figures 4D and S7) . The most populated class (Figure 2) shows similar structural elements to the extended conformation and was named the extended-2 class.
The second class we encountered at 1 mM zinc concentration shows a disrupted D1-D1 interface at the LBD dimers with moderately separated ATD heterodimers and was thus labeled the splayed-open class. Although this class originally accounted for $16% of the 2D-cleaned up particles, the resolution of the class was improved by subsequent rounds of 3D classification and refinement. This class represents the highest resolution structure of the NMDA receptor in a conformation with a disrupted D1-D1 interface. The final class that we observed shows a similar conformation to the super-splayed class seen in the low-pH dataset.
To confirm that the conformations in the presence of 1 mM zinc do not represent irreversibly unfolded receptor due to the millimolar zinc concentrations, after the initial grids were frozen with 1 mM zinc, we added 3 mM EDTA to the remainder of the sample and prepared cryo-EM grids. Remarkably, 3D classification and refinement led only to the 2-knuckle-sym conformation ( Figures S2G-S2I ). These results are consistent with the splayed-open or the super-splayed conformations being in reversible equilibrium with the more ''compact'' 2-knuckle conformations.
When we analyzed the D1-D1 separation of the LBD dimer for all structures, we did not observe any classes other than the splayed-open and super-splayed where the D1-D1 interface was substantially altered ( Figure 4E ). Interestingly, the super-splayed conformation has been observed before in the context of competitive antagonist complexes of the GluN1/GluN2B NMDAR (Zhu et al., 2016) . One of the characteristics of GluN1/GluN2B splayed classes was the clockwise rotation of the GluN2B LBD clamshells by 92 -118 . For the GluN2A LBDs, we observed a 45 -49 clockwise rotation in our splayed-open class and a 79 -98 rotation in the supersplayed class as compared to the extended-2 conformation ( Figure 4F ). The R2 lobes of GluN1 and GluN2A ATD play a critical role in transduction of ATD conformational changes to the LBD, as they are directly connected to the LBD D1 lobes. Upon zincand proton-induced closure of the GluN2A ATD clamshell, the R2 lobes of GluN1 and GluN2A within each ATD heterodimer move apart by $3 Å ( Figure 5B ). Chain D of the extended conformation experiences an additional 1.4-Å expansion (p = 0.01) when the ATD heterodimer extends from the receptor and loses interaction with the LBD layer. The separation of the ATD heterodimer R2 lobes has been implicated in the negative allosteric modulation of NMDARs by electrophysiology (Mony et al., 2011) and has been observed in the inhibition of the GluN2B-containing receptors by phenylethanolamines (Tajima et al., 2016; Zhu et al., 2016) .
Movement of the R2 lobes of GluN2A subunits at the pseudosymmetry axis is also associated with zinc and proton inhibition of the receptor. In all classes with an intact D1-D1 interface at the LBD dimer, the R2 lobes of GluN2A move perpendicular to the R1-R2 axis, resulting in lateral movement of the lobes away from each other and the formation of the 1-knuckle and extended conformations ( Figure 5C ). This lateral R2-R2 movement is only observed in conformations with both ATD clamshells in closed conformations.
Transduction of Conformation Changes from the ATD to the LBD To understand how conformational changes within the ATD layer are transduced to the LBD layer, we first examined the ATD-LBD angle (see STAR Methods). When the ATD clamshell of chain B adopts a closed conformation as in the 2-knuckle-asym conformation, the ATD-LBD angle increases by $6 in comparison to the 2-knuckle sym conformation ( Figure 6A ). In contrast, the ATD-LBD angle remains unchanged for chain D, which does not undergo ATD clamshell closure. In the 1-knuckle conformation, where both ATD clamshells are closed, there is a 12 increase in the chain D ATD-LBD angle and a 6 increase for chain B as compared to the 2-knuckle-sym state. In the case of chain D of the extended conformation, there is no correlation between the ATD clamshell conformation and the ATD-LBD angle simply because the entire ATD no longer interacts with other domains of the receptor.
To understand how the ATD-LBD linkers participate in transducing conformational changes between the ATD and LBD layers (Gielen et al., 2009) , we examined the distance between the COMs of the R2 lobe of the ATD to the D1 lobe of the LBD ( Figure 6B ). For the 2-knuckle-asym and the 1-knuckle conformations, the difference between R2-D1 COM distances as compared to the 2-knuckle-sym conformation is %0.6 Å . The movement away from the pseudo-C2-symmetry axis of chain D in the extended conformation increases the R2-D1 distance in this chain by 6.1 Å . Indeed, the cryo-EM density for the ATD-LBD linkers in GluN2A is well-resolved in the 2-knuckle and 1-knuckle structures, yet it is non-existent in the ATD heterodimer that is displaced from the pseudo-symmetry axis in the extended conformation of the receptor. We speculate that the well-ordered, defined structure of the ATD-LBD linkers in GluN2A allows the movements of the ATD R2 lobes to be directly translated to the LBD for the 2-knuckle and 1-knuckle conformations. For the extended conformation, however, the linker on chain D is extended and disordered, uncoupling the ATD heterodimer from the receptor.
Propagation of conformational changes from the ATD layer to the LBD layer also occurs by the lateral movement of the ATD R2 lobes at the pseudo-symmetry axis ( Figure 5C ), ''pushing'' the opposing D1 lobes of GluN2A directly away from each other and bringing the D2 lobes closer together. To quantify the LBD movement, we connected the COMs of the opposing D2 lobes of GluN2A with a vector. The angle that this vector makes with vectors passing through the COMs of the D2 and D1 lobes of chains B and D are labeled d and ε, respectively ( Figure 6C transfer of the zinc-induced conformational changes at the ATD to the LBD for the extended conformations. In the splayed conformations, d and ε increase by >30 as the D1 lobes moved far away from each other.
Channeling Inhibition to the Pore How are changes at the ATD and LBD layers conveyed to the pore? Helix E in the D2 lobe of the LBD is directly connected to the M3 helix. The M3 helices, in turn, form the ion channel gate. We measured the distance between the E helices of the GluN2A subunits. We speculate that the larger the helix E separation, the greater the tension on the M3 helices and the higher probability of finding the gate in an open conformation. The rocking motion of LBDs upon zinc binding ( Figure 6D ) brings the D2 lobes closer together, resulting in the reduction of opposing helix E separation. This distance remains similar in the two 2-knuckle conformations and is reduced by 3.2 Å and 2.5 Å in the 1-knuckle and extended conformations, respectively. The opposing helix E distance is similar in the 2-knuckle states and the extended-2 state, and this distance is reduced substantially (23-56 Å ) in the splayed and super-splayed conformations. Consistent with the LBD rocking motion (Figure 6C ), where the effects of zinc binding at the ATD was transferred to the LBD with lower efficiency for the extended and extended-2 conformations, the helix E separation in these conformations is also larger than the 1-knuckle conformation. The larger helix E separation for the extended and extended-2 conformations will likely result in a higher P O for these states as compared to the 1-knuckle state. The splayed open conformations show the lowest helix E separation, consistent with these classes having a P O value close to zero.
We also measured the distance between the COM of residues 4-7 of the lurcher motif (SYTANLAAF; Zuo et al., 1997) in GluN1 ( Figure S1M ) or GluN2A ( Figure S1N ) subunits to define the conformation of the ion channel gate. Although we do not believe that any of the structures reported here show the gate in a fully open conformation, such as that found in molecular dynamics simulations (Song et al., 2018) , we do observe a reduction in the distances between the M3 helices at the ion channel gate in the 2-knuckle states and the 1-knuckle state for both GluN1 (1.3 Å ) and GluN2A (2.1 Å ) subunits. Consistent with the previous LBD and TMD observations, the M3 separation is similar between the two 2-knuckle states.
Mechanism
We propose the following mechanism for zinc and proton inhibition of the GluN1/GluN2A NMDARs (Figure 7) . At high pH, in presence of agonists and EDTA, the receptor populates the 2-knuckle-sym conformation with GluN2A ATDs in open clamshell conformations and the R2 lobes of opposing GluN2A subunits positioned back to back on the pseudo-C2 symmetry axis. At lower pH values and upon binding zinc, the receptor progressively populates greater fractions of the 2-knuckleasym, 1-knuckle, extended, extended-2, splayed-open, and super-splayed conformations (Figure 2 ). When the receptor transitions from the 2-knuckle-sym to the 2-knuckle-asym conformation, one GluN2A subunit undergoes ATD clamshell closure and the other ATD clamshell remains open. The closure of a single ATD clamshell is not sufficient to move the R2 lobes of GluN2A from their original back-to-back position at the pseudo-symmetry axis and leads only to minor structural changes within the LBD layer and no discernable conformational changes in the LBD-TMD linkers. However, closure of both ATD clamshells moves the R2 lobes of GluN2A away from each other and results in a rocking-like movement of the GluN2A LBD clamshells, causing the opposing D1 lobes to move away from each other and bringing the D2 lobes closer together, relieving tension in the LBD-TMD linkers. Under conditions of low pH and micromolar concentrations of zinc, the receptor adopts splayed-open and super-splayed conformations, where the LBD D1-D1 interface is disrupted, leading to a large rocking motion of the LBD dimers and entirely releasing tension on the LBD-TMD linkers.
Based on the LBD rocking movements ( Figure 6C ), helix E/helix E separation ( Figure 6D ), and the gate diameter measurements ( Figures S1M and S1N) , we speculate that the two 2-knuckle states are functionally equivalent and represent the receptor in the highest P O states. The extended and extended-2 conformations represent the next highest P O states. Surprisingly, based on the LBD measurements, the extended-2 conformation should exhibit a similar P O to the 2-knuckle states. The 1-knuckle and splayed conformations represent the lowest P O .
Our findings provide a structural justification for why we observe a higher degree of zinc inhibition at low pH values, as we did not observe any classes with the 2-knuckle or extended-2 conformations under these conditions and all of the particles were in the lower P O conformations. Similarly, we did not observe any classes other than the 2-knuckle conformations for the receptor at pH 8.0, representing higher P O . We can also explain why at 1 mM zinc, when we observe a large portion of the particles in the splayed conformations, we do not observe a larger degree of voltage-independent zinc inhibition by electrophysiology (Paoletti et al., 1997) . Even though at 1 mM zinc, $31% of the particles are in the splayed conformations, $46% of the particles are in the extended-2 conformation, representing high P O . Finally, we can account for the lower level of zinc inhibition in the GluN1A/GluN2A/GluN2A* triNMDAR versus the diNMDAR, as >50% of particles in the triNMDARs are in the 2-knuckle states versus <20% for the diNMDARs (Figure 2 ). We were also able to demonstrate the reversibility of splayed and super-splayed conformation and demonstrated that, with the removal of zinc, the receptor reverts back to the 2-knucklesym conformation.
Here, we show how the GluN1/GluN2A receptor populates an ensemble of structural states depending on zinc and proton concentrations (Amico-Ruvio et al., 2011; Dolino et al., 2017; Erreger and Traynelis, 2008) . The 1-knuckle conformation, one of the structural conformations that the receptor adopts when inhibited by zinc and protons, resembles the GluN1/GluN2B receptor bound by ifenprodil or Ro25-6891 (Tajima et al., 2016; Zhu et al., 2016) . The ''splayed'' conformations, structural states populated at high concentrations of zinc or protons, display disrupted D1-D1 interfaces at the LBD dimer and are reminiscent of competitive antagonist-bound states of the GluN1/GluN2B receptor (Zhu et al., 2016) . Thus, our findings reconcile how zinc and proton modulation of GluN2A receptor activity shares mechanistic elements of ifenprodil inhibition of GluN2B receptors via conformational changes in the ATD layer (Sirrieh et al., 2015) and also with mechanisms involving the disruption of the D1-D1 interface within the LBD layer (Gielen et al., 2008; Regan et al., 2018) . Although we are unable to pinpoint the proton sensors of the GluN1/GluN2A receptor, our observations are consistent with the proposal that zinc sensitizes the receptor to proton inhibition (Choi and Lipton, 1999; Erreger and Traynelis, 2008; Gielen et al., 2008; Low et al., 2000) . In line with this mechanism, in the presence of 1 mM zinc, when the proton concentration is increased from pH 7.4 to pH 6.1, the structural populations shift, The schematics for the conformational changes in GluN2A subunits that lead from high P O conformations (2KS/2KA) to lower P O states (E-E2) and finally to states with P O close to zero (1K/SO/SS). These changes originate from the closure of both ATD clamshells in the presence of zinc and protons, leading to the rocking of the LBD clamshells, bringing the lower LBD lobes closer together, and releasing the tension on the gate. In the extended or extended-2 conformations, where one ATD heterodimer has lost interaction with the rest of the receptor, zinc and proton inhibition is not transduced efficiently through the LBD, leading to higher P O as compared to the 1-knuckle state.
resulting in the receptor no longer occupying the 2-knuckleasym conformation, and when the proton concentration is decreased to pH 8.0, the receptor only occupies the 2-knuckle-sym conformation. Furthermore, by solving the structure of the GluN1/GluN2A/GluN2A* triheteromeric receptor in the presence of zinc, we show how subunit-specific conformational changes can be both localized to specific subunits yet also propagated throughout the entire receptor.
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Detailed methods are provided in the online version of this paper and include the following: 
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METHOD DETAILS
Construct Design DNA for the first 847 residues of the rattus norvegicus Grin1-1a (P35439-1) and the first 866 residues of Grin2A (G3V9C5) was cloned into Bacmam expression vectors (Goehring et al., 2014) . Both genes contain a thrombin cut site (LVPRGS), a four-alanine flexible linker, and an EGFP-tag on their C terminus, with an 8XHIS-tag on the GluN1 vector and a Strep-tag II on the GluN2A vector, following EGFP. These constructs are referred to as N1 EM and N2A EM . A bicistronic plasmid of N1 EM /N2A EM was constructed to express the diheteromeric GluN1/GluN2A NMDAR (diNMDAR). For the triheteromeric receptor (triNMDAR), the N1 EM plasmid was modified by the removal of the 8XHIS-tag (N1 EMNoHIS ). A version of N2A EM was constructed with an 8XHIS-tag replacing the Strep-tag II (N2A EMHIS ). Finally, another version of the N2A EM was constructed with an H128S mutation, as well as an N687Q mutation (N2A EM *). A bicistronic construct of N2A EMHIS /N2A EM * was created, and co-transfected with N1 EMNoHIS into tsa201 cells to express the triNMDAR. For radiolabeled functional assays, the N2A EM 's Strep-tag II was exchanged for a high-affinity streptavidin binding peptide tag (DNSA-tag, AA sequence: WIDFNRWHPQSGLPPPPILR; T. Takahashi, J.M. Corbin, F.J.-Y., R.W. Roberts, unpublished data).
Protein Constructs, Expression, Purification Baculovirus was generated in sf9 insect cells, and P2 virus was used to infect tsa201 cells at a multiplicity of infection (MOI) of 1:1. The receptors were purified as previously reported (Zhao et al., 2016; Zhu et al., 2016) . In brief, at 10 hours post-infection, 10 mM sodium butyrate, alongside either 100 mM of memantine-HCl or 10 nM MK-801 (only in the case of protein used for pH 8.0 datasets) were added to the culture and the flasks were shifted to 30 C. Cells were spun and harvested between 36-48 hours post infection and washed in 1X TBS (150 mM NaCl, 20 mM Tris-HCl, pH 8.0). Cells were resuspended using 1 mL of resuspension buffer (1X TBS supplemented with 2 mM PMSF, 1.6 mM aprotinin, 4 mg/mL leupeptin, and 4 mM pepstatin A) per 1 g of cell pellet and manually pipetted until no clumps remained. Equal volume of lysis buffer (1X TBS supplemented with 2% digitonin, 1 mM Cholesteryl Hemisuccinate, 1 mM PMSF, 0.8 mM aprotinin, 2 mg/mL leupeptin, and 2 mM pepstatin A) was added to the mixture, and the sample was agitated by nutation or using a magnetic stirrer for 90 minutes at 4 C. The mixture was then spun for 1 hour at 185k rcf., and the supernatant was filtered through a 0.2 mm filter to remove debris. The supernatant was then bound to streptactin resin, washed with 10X column volume of WBI (1X TBS supplemented with 0.1% digitonin, 2 mM ATP, 2 mM MgCl 2 ), 10X column volume of WBII (1X TBS supplemented with 0.1% digitonin), and eluted in WBII supplemented with 5 mM desthiobiotin. The receptor was concentrated and further purified using size-exclusion chromatography (SEC) using a buffer containing 150 mM NaCl and the appropriate buffering agent (20 mM Tris at pH 8.0, 20 mM HEPES at pH 7.4, or 20 mM MES at pH 6.1). Peak fractions were combined, concentrated, and used for further experiments.
For the triheteromeric construct, after streptactin purification (Strep-tag II on the GluN2A* subunit), 10 mM imidazole was added to the elution, and the sample was bound to Talon resin for HIS-tag purification (HIS-tag on the wt-GluN2A subunit). The column was washed with 10X column volume of WBII supplemented with 10 mM imidazole. The protein was eluted from the Talon resin using 300 mM imidazole in WBII. The elution fractions were combined, concentrated, and SEC purified as described above.
For the structural experiments of the receptor in the absence of zinc, 0.1 -3 mM EDTA was used to chelate any zinc contaminations introduced either during the purification of the receptor, or during the blotting step of the cryoEM sample preparation.
Two Electrode Voltage Clamp Electrophysiology
The N1 EM and N2A EM constructs were subcloned in pGEM vector and in vitro transcribed to generate mRNAs. Xenopus laevis oocytes were injected with 0.5 ng total mRNA (equal amounts of N1 and N2A) and after 12 -24 hr of incubation at 18 C currents were measured using two-electrode voltage clamp (Axoclamp 200B) at a holding voltage of À60 mV. The base recording solution was (in mM): 60 NaCl, 40 HEPES, 10 Tricine, buffered initially to pH 10.3 and then re-buffered to different pH using HCl. Zinc was added from a 100 mM stock of ZnCl 2 and free-zinc was estimated as: [Zn] total /200 (Gielen et al., 2008) . Recordings were carried out in triplicates. Data was analyzed using MATLAB.
Scintillation Proximity Assay
Scintillation proximity assays (SPAs) were set up using 40 nM purified protein in 1X HBS (pH 7.4) supplemented with 0.1% digitonin, 10 mM tricine, 0.5 mg/mL of YSi-streptavidin beads, and 100 nM [ 3 H]MK-801 per well. Various additives such as 100 mM glutamate/ glycine, and ZnCl 2 were added to the wells, but the final volume was kept at 100 mL. Samples were run in triplicates. Concentration of free zinc was estimated as described above. The plate was placed inside a microbeta TriLux 1450 LSC plate reader and read every 12 minutes. After allowing 12 hours for [ 3 H]MK-801 to reach equilibrium, 100 mM non-labeled MK-801 was added to each sample to prevent the re-binding of radiolabeled ligand, and the plate was placed back in the plate reader to measure the off-rate of MK-801. Data was analyzed using a one-site binding model.
CryoEM Sample Preparation/Image Acquisition SEC purified protein was used for cryoEM sample preparation. QUANTIFOIL AU 1.2/1.3 300 mesh grids were glow discharged for 1 minute at 15 mA with the carbon side facing up. For all conditions, 1 mM glutamate and glycine were added to the samples. For low zinc concentration samples (1 mM), concentrated protein was placed in a dialysis bag (heavy-metal free Dispodialyzer) and dialyzed against 2000x volume of a buffered solution containing 0.1% digitonin, 1 mM glutamate/glycine and 1 mM ZnCl 2 . The sample was dialyzed for a minimum of 4 hours and then used for grid preparation. Vitreous sample was prepared by applying 3-4 mL of protein solution at $4 mg/mL, blotting the excess solution away for 3 s using the FEI Vitrobot at 18 C and 100% humidity, and plungefreezing the grid in liquid ethane.
For all of the datasets except for the diheteromeric receptor at pH 7.4 with 1 mM EDTA, data collection was carried out at Oregon Health and Science University Multiscale Microscopy Core using a 300 kV FEI Titan Krios equipped with an energy filter (Gatan Image Filter). Images were collected using a Gatan K2 direct electron detector in super-resolution mode at 81kx magnification (unbinned pixel size of 0.855 Å /pixel). Images were collected using serialEM (Mastronarde, 2005) with a typical defocus range of À1 -À2.5 mm and with a total dose of $55 e -/Å 2 . The diheteromeric receptor at pH 7.4 with 1 mM EDTA dataset was collected at the Howard Hughes Medical Institute's CryoEM Facility at the Janelia Research Campus, using an FEI Titan Krios equipped with a Cs corrector and an energy filter (Gatan Image Filter). This dataset was collected using the super resolution mode on a K2 direct electron detector in super-resolution mode with an unbinned pixel size of 0.66 Å /pixel.
To measure statistical significance, we used two-tailed homoscedastic Student's t tests in Microsoft Excel. In box-plots, colored boxes represent the first and third quartile of each population, and the error bars represent the maximum and minimum values. All the figures were made using UCSF's Chimera and PyMOL (Yuan et al., 2016) .
QUANTIFICATION AND STATISTICAL ANALYSIS
TEVC and Radiolabeled SPA assay The TEVC recordings were performed on three or four biological replicates. Traces were then analyzed by MATLAB to obtain percent inhibition at each zinc concentration. The data was fit to a single-site binding model to obtain the IC 50 values. Error bars represent standard error. No values were omitted from analysis for this experiment. For the radiolabeled SPA experiments the counts remaining on the beads at each zinc concentration were fit to a single-exponential curve with an offset, to account for the small fraction of counts which remained bound to the beads. The off-rate versus zinc concentration was then fit to a single-site binding model using Excel Solver to obtain the IC 50 value for zinc-inhibition. The data represent three independent replicates, and the error bars represent standard errors. No data points were omitted from the analysis.
Particle Counts and Population Distribution
Particles were picked from the motion-corrected and dose-weighted micrographs using gAutomatch (Unpublished: URL https:// www.mrc-lmb.cam.ac.uk/kzhang/Gautomatch/) or DoG-Picker . Relion was used for Reference-free 2D-classification, generally in three rounds using binning factors of 5, 3, and 1. Approximately 30 of the final classes were then selected, for each dataset, as templates for template-based particle picking using gAutomatch. The second dataset was cleaned up using the same approach as above. The final two datasets were then combined, and particles whose center was closer than 90 Å to another particle were removed. This represents the total number of particles for each dataset. After ab-initio model generation, 3D classification was carried out in Relion. The number of particles which belong to each 3D-class after this initial classification was used as the basis for the population of the receptor in that class in Figure 2 . Only the splayed-open and the super-splayed classes showed improved resolution by further classification and particle removal.
Distance Measurements
All distance measurements represent the center of mass calculation for the alpha-carbon coordinates of the indicated domain (as defined in Figure S3 ). There are six independent structures in the 2-knuckle-sym conformation, two in the 2-knuckle-asym and Super-splayed conformations, and three in the 1-knuckle and extended conformations. In the representative boxplots (Figures 4, 5 , and 6), the bars represent the first and third quartile of each population, and the error bars represent the maximum and minimum values. No structures were omitted from the analysis. For the triNMDAR in the 2-knuckle-asym conformation, where we have one set of map/coordinates with the entire receptor and a higher resolution set focused on the ECD, the measurements were performed using the ECD focused maps/coordinates whenever possible.
DATA AND SOFTWARE AVAILABILITY Data Resources
The three-dimensional cryo-EM density maps for the diheteromeric GluN1/GluN2A receptor at pH 8.0 in the presence of 100 mM EDTA or 1 mM zinc have been deposited in the EM Database under the accession codes EMDB: EMD-9158 and EMD-9157, respectively, and the coordinates for the structures have been deposited in Protein Data Bank under accession codes PDB: 6MMP and 6MMN. The density maps for the diheteromeric GluN1/GluN2A receptor at pH 7.4 in the 2-knuckle-symmetric conformation in the presence of 1 mM EDTA or 1 mM zinc and 3 mM EDTA have been deposited in the EM Database under the accession codes EMDB: EMD-9150 and EMD-9159, respectively, and the coordinates for the structures have been deposited in Protein Data Bank under accession codes PDB: 6MMG and 6MMR. The density maps for the diheteromeric GluN1/GluN2A receptor at pH 7.4 in the presence of 1 mM zinc in the 2-knuckle-asymmetric, 1-knuckle, or the extended conformations have been deposited in the EM Database under the accession codes EMDB: EMD-9155, EMD-9154 and EMD-9156, respectively, and the coordinates for the structures have been deposited in Protein Data Bank under accession codes PDB: 6MML, 6MMK and 6MMM. The density maps for the diheteromeric GluN1/GluN2A receptor at pH 7.4 in the presence of 1 mM zinc in the extended-2, splayed-open, or the super-splayed conformations have been deposited in the EM Database under the accession codes EMDB: EMD-9151, EMD-9152 and EMD-9153, respectively, and the coordinates for the structures have been deposited in Protein Data Bank under accession codes PDB: 6MMH, 6MMI and 6MMJ.
The density maps for the diheteromeric GluN1/GluN2A receptor at pH 6.1 in the presence of 1 mM zinc in the 1-knuckle, extended, or the super-splayed conformations have been deposited in the EM Database under the accession codes EMDB: EMD-9147, EMD-9148 and EMD-9149, respectively, and the coordinates for the structures have been deposited in Protein Data Bank under accession codes PDB: 6MM9, 6MMA and 6MMB.
The density maps for the triheteromeric GluN1/GluN2A/GluN2A* receptor at pH 7.4 in the presence of 1 mM EDTA has been deposited in the EM Database under the accession code EMDB: EMD-9160 and the coordinates for the structure has been deposited in Protein Data Bank under accession code PDB: 6MMS. The density maps for the triheteromeric GluN1/GluN2A/GluN2A* receptor at pH 7.4 in the presence of 1 mM zinc in the 2-knuckle-symmetric, 2-knuckle-asymmetric, 1-knuckle, or the extended conformations have been deposited in the EM Database under the accession codes EMDB: EMD-9164, EMD-9162, EMD-9161 and EMD-9165, respectively, and the coordinates for the structures have been deposited in Protein Data Bank under accession codes PDB: 6MMW, 6MMU, 6MMT and 6MMX. For the triheteromeric GluN1/GluN2A/GluN2A* receptor in 1 mM zinc and in the 2-knuckle-asymmetric conformation, the extracellular domain focused-refinement density map and the coordinates have been deposited in the EM Database under the accession code EMDB: EMD-9163 and the Protein Data Bank under accession code PDB: 6MMV, respectively. Predicted glycosylation sites for which we found corresponding density are marked in red and with the red arrow and the 'Glyco' label. The residues comprising each ECD lobe (used for COM calculations) are marked below the sequence. The GluN2A* mutations (H128S and N687Q) are marked in blue. (E, H, J) The Fourier shell correlation curves for the cryoEM maps without masking (cyan), or by providing a soft solvent-mask (black). The FSC curve between the atomic model and the map is shown in green.
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